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To see the exotic Θ+ baryon from interference
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Since all couplings of the exotic Θ+ baryon to normal hadrons seem to be small it is hard to reveal
it in standard resonance searching. We suggest to look for the Θ+ production in interference with a
known resonance yielding the same final state but having a high production rate. The interference
process is linear in the Θ+ couplings whereas the non-interference process is quadratic. That gives
an obvious gain if the couplings are small. Moreover, employing the peculiar oscillating nature of
the interference processes one can reduce considerably the parasitic background and determine the
Θ+ resonance parameters.
PACS numbers: 12.38.-t, 12.39.-x, 12.39.Dc, 14.20-c
I. INTRODUCTION
The original observation of a narrow exotic baryon res-
onance in two independent experiments by T. Nakano et
al. [1] and A. Dolgolenko et al. [2], announced in the
end of 2002 [3] were followed in 2003-04 by a dozen ex-
periments confirming the resonance and about the same
amount of non-sighting experiments. In 2005 the results
of the two CLAS high-statistics γd and γp experiments
were announced [5, 6, 7], which didn’t see any statisti-
cally significant signal of the Θ+ resonance and gave up-
per bounds for its production cross sections. Although
those upper bounds didn’t contradict the theoretical es-
timates [8, 9, 10], see also [11], many people in the com-
munity jumped to the conclusion that “pentaquarks do
not exist”. This conclusion is premature as in 2005-06
new results became available [12, 13, 14] partly based on
new data, confirming seeing the Θ+.
In particular, A. Dolgolenko et al. [13] have doubled
the statistics of their K+n(Xe) → K0p data as com-
pared to the original DIANA experiment [2]. Previously,
there were about 30 events attributed to the Θ+ reso-
nance, now there are about 60, as it should be if the
signal is real. Also, more thorough analysis has been per-
formed to understand better the kinematics of the reac-
tion and the background processes. The resonance peak
is seen already in the raw data but is strongly enhanced
by a mild kinematical cut suppressing re-scattering. The
authors estimate the statistical significance of the res-
onance as S/
√
B = 7.3 σ. The mass is found to be
mΘ = 1537±2MeV and the width ΓΘ = 0.36±0.11MeV
(with possible systematic uncertainties). This is the only
experiment where the direct estimate of the width is pos-
sible since the formation cross section integrated over
the resonance range is proportional to the width [15].
The only other available formation experiment with the
secondary kaon beam at BELLE sets an upper limit
ΓΘ < 0.64MeV (at a 90% confidence level) [16] which
is beyond the above value. We remark that the reanaly-
sis of the old KN scattering data [17] shows that there is
room for the exotic resonance with a width below 1 MeV.
The small width implies that the coupling gΘNK is at
least an order of magnitude less than gNNpi ≈ 13. The
small value of gΘNK appears naturally in a relativistic
field-theoretic approach to baryons, allowing for a con-
sistent account for multi-quark components in baryons;
in particular in Ref. [18, 19] an upper bound ΓΘ ≈ 2MeV
has been obtained without any parameter fixing. An even
smaller width comes out from the parameter-free QCD
sum rules analysis [20]. As to the Θ+ coupling to the
vector K∗ meson, its ‘electric’ part corresponding to the
γµ vertex is anyway very small as it vanishes at zero mo-
mentum transfer in the SU(3)-symmetric limit, and its
‘magnetic’ part corresponding to σµνqν is proportional to
the ΘN transition magnetic moment which is expected to
be an order of magnitude less than the nucleon magnetic
moments [21]. In fact, all Θ+-nucleon-meson couplings
vanish in the imaginary non-relativistic limit when or-
dinary baryons are made of three quarks only with no
admixture of QQ¯ pairs. This was the base for the pre-
diction of a narrow pentaquark in the first place [4].
If indeed all Θ+-nucleon-meson transition amplitudes
are as small as are expected, it becomes a non-trivial task
to reveal Θ+ in production (as contrasted to formation)
experiments. For example, in the recent study of the
γp→ K0K¯0p reaction by CLAS collaboration no statisti-
cally significant resonance structure was observed despite
record statistics, and only an upper limit of the Θ+ pro-
duction cross sections of ∼ 0.7 nb was obtained [7, 22].
However, a theoretical estimate performed prior to the
experiment and based on the (Reggeized) K∗ exchange
with the small transition magnetic moment mentioned
above, gave only ∼0.2 nb for that cross section [10]. [Re-
cent phenomenological analysis of the K∗ coupling to the
antidecuplet [23] has confirmed its smallness.] It demon-
strates how hard it is to make a definite conclusion about
the Θ+ existence from a production experiment employ-
ing a standard resonance-searching procedure.
In this paper, we suggest to search for the narrow Θ+
resonance in a non-standard way, exploiting the interfer-
ence of the small Θ+ production amplitude with the large
production amplitude of a known resonance, yielding the
2same final state. Although the interference idea is very
general, we apply it primarily to the CLAS experiment [7]
whose impressive amount of data can be used to look for
the Θ+ resonance in interference with the large φ photo-
production, see Fig. 1. Since the final state in both cases
is the same, the two amplitudes must interfere unless
forbidden kinematically. A simple account for kinemat-
ics shows that the two amplitudes interfere within the
photon lab energy range 1.74 < Eγ < 2.15GeV which is
inside the range studied by CLAS.
The Θ+ production amplitude squared has been es-
timated in Ref. [10] with the tiny result for the cross
section in the sub-nanobarn range – too small to be ob-
servable even with the large CLAS statistics. However,
the interference cross section is linear in the Θ+ coupling
and hence can be substantially larger. In addition, the
interference cross section has a peculiar oscillating na-
ture which may help to establish the resonance mass and
width without resolving the Breit–Wigner peak, which is
impossible because it is so narrow.
II. THE γp→ K0K¯0p REACTION
A. K0K¯0 versus KLKS
In the recent CLAS experiment [7] studying the above
reaction, KS (decaying into pi
+pi−) and p have been de-
tected. The second kaon was reconstructed from the
missing mass of all detected particles. A large portion
of events were due to the production of the φ meson de-
caying into KLKS . These events have been rejected in
the previous analysis [7], however they are exactly what
are needed now: Fig. 1, right. Since φ is a vector meson,
the amplitude is antisymmetric under the interchange of
KL and KS.
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FIG. 1: Two γp processes producing the KLKSp final state:
via the Θ+ resonance (left) and via the φ resonance (right).
Since Θ+ has strangeness +1 it necessarily decays
into K0, hence the upper line in Fig. 1, left, is K¯0.
Using K0 = (KS + KL)/
√
2, K¯0 = (KS − KL)/
√
2
(we neglect the one-per-mill effect of CP violation) one
rewrites the (K¯0K0) production amplitude via Θ+ as
1
2 (KSKS) − 12 (KLKL) + 12 (KSKL) − 12 (KLKS). Only the
last two terms interfere with the above amplitude of φ
production, and we see that they are also antisymmet-
ric under the interchange of KL and KS . The two anti-
symmetric amplitudes can and do interfere; the resulting
interference cross section is symmetric under KL↔KS .
B. Kinematics
The 2 → 3 reaction is characterized, at given values
of masses of final particles, by 5 invariants, one of them
being the invariant reaction energy
√
s. In this case s =
m2N + 2mNEγ where Eγ is the energy of the incoming
photon in the proton rest (or lab) frame. The other two
invariants can be chosen to be the invariant masses of
KLKS (call it m12) and of KSp (call it m23). The last
two invariants can be chosen more or less arbitrarily. The
phase volume of the reaction in the (m12,m23) axes is
shown, for various photon energies, in Fig. 2.
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FIG. 2: Phase volumes (Dalitz plots) for the γp → KLKSp
reaction at photon lab energies Eγ = 1.74, 2.15 and 1.90GeV.
The KLKS invariant mass m12 is plotted along the horizontal
axis, and the KSp invariant mass m23 is plotted along the
vertical axis (note the linear scale). The strips show the po-
sitions of the φ and Θ+ resonances. The Θ−φ interference
occurs at the intersection of the strips, thus within the range
of Eγ from 1.74 to 2.15GeV (bottom).
Energies below 1.74 GeV are too small to produce the
Θ+ resonance (whose mass we assume equal 1537 MeV);
at energies above 2.25 GeV the decay products of Θ+
and φ do not overlap, hence there is no interference.
C. A sum of two Breit–Wigner’s
In the γp → KLKSp amplitude, there are two rapidly
varying functions: one is the φ resonance pole in the
invariant variable m12 and the other is the Θ
+ resonance
pole in the invariant variable m23. The corresponding
widths, Γφ = 4.26MeV and ΓΘ ∼ 0.5MeV, are very
small as compared to the typical hadron masses of several
hundred MeV which define the scale of variation of other
factors in the amplitude. Therefore, we can write the
3fast varying pieces of the amplitude without knowing the
detailed dynamics of the process. It is a coherent sum of
two Breit–Wigner amplitudes in the variables m12 and
m23, times slowly varying factors:
A = Aφ
√
Γφ
m12 −mφ + iΓφ2
+AΘ
√
ΓΘ
m23 −mΘ + iΓΘ2
+B (1)
whereAφ,Θ are the φ,Θ resonance production amplitudes
which are, generally, functions of all kinematical invari-
ants but are slowly varying on the scale of Γφ,Θ. Having a
dynamical model for the resonance production these am-
plitudes can be computed. We shall, however, attempt
to extract as much information from eq. (1) as possible
without knowing their detailed form. We have added a
non-resonance amplitude B which does not contain the
s-channel resonances and hence is also a slowly varying
function of m12 and m23. Aφ,Θ and B are generally com-
plex. We introduce the ratios
AΘ
Aφ
:= Reiδ,
B
Aφ
:= ρ eiη . (2)
To shorten equations, we introduce also the shifts of in-
variant masses from their resonance positions:
∆φ := 2(m12 −mφ), ∆Θ := 2(m23 −mΘ). (3)
The cross section is proportional to |A|2 which we write
as
σ(m12,m23, ...) = |C|2
[
Γφ
∆2φ + Γ
2
φ
+R2
ΓΘ
∆2Θ + Γ
2
Θ
+
ρ2
4
+2R
√
ΓφΓΘ
(∆φ∆Θ+ΓφΓΘ) cos δ+(∆φΓΘ−Γφ∆Θ) sin δ
(∆2φ + Γ
2
φ)(∆
2
Θ + Γ
2
Θ)
+ρ
√
Γφ
∆φ cos η − Γφ sin η
∆2φ + Γ
2
φ
+Rρ
√
ΓΘ
∆Θ cos(η−δ)− ΓΘ sin(η−δ)
∆2Θ + Γ
2
Θ
]
. (4)
The first term is the square of the φ resonance production
amplitude, the second term is the square of the Θ res-
onance production amplitude (suppressed by the square
of the small ratio of the two amplitudes R2 ≪ 1), the
third term is the non-resonant contribution. In princi-
ple, one has to add to it a possible non-coherent non-
resonant contribution but such terms will be irrelevant
for our procedure, below.
The most interesting term is the second line in eq. (4):
it gives the interference between the φ and Θ resonance
amplitudes. The third and fourth lines are the interfer-
ence terms of φ and Θ respectively with the non-resonant
amplitudes. These terms are non-negligible along the
resonance strips in Fig. 2. The interference term in the
second line is essential at the intersection of those strips.
Let us discuss it in more detail.
First of all, it is linear in the Θ production amplitude R
(relative to that of the φ production); at R≪ 1 it may be
much larger than the incoherent Θ+ production. To get
an idea how small R is we estimate it roughly from the
ratio of the φ and Θ photoproduction. The first is about
3µb at Eγ ≈ 2GeV and the second is about 0.2 nb [10],
which gives an estimate R2 ∼ 1/1500, R ∼ 1/40.
Second, the interference term is proportional to√
ΓφΓΘ. It reflects the fact that if one (or both) of the
interfering resonances is almost stable (Γ → 0), its de-
cay products are carried out far away from the reaction
vertex, and there is no interference.
Most important, if one looks for the events where the
KLKS massm12 is within the φ resonance width, meaning
∆φ ∼ Γφ, and where the KSp mass m23 is within the Θ+
width, meaning ∆Θ ∼ ΓΘ, the interference term is of the
order R/(
√
ΓφΓΘ) which may be quite large despite the
smallness of the production rate R. It is helpful that φ
is a narrow resonance.
The interference term in the second line of eq. (4) de-
pends essentially on the relative phase δ of the φ and Θ+
production amplitudes. Can anything be said about δ
without going into a detailed dynamical model for the
amplitudes? As we argued in the Introduction, the Θ+
production amplitude (Fig. 1, left) is dominated by the
ReggeizedK∗ exchange [10]. At low energiesEγ ∼ 2GeV
we are interested in, the effect of the Reggeization is not
large and it can be fairly well replaced by the usual K∗
meson exchange. The amplitude AΘ is then real. As to
the photoproduction of φ (Fig. 1, right), it is notoriously
complicated at Eγ ∼ 2GeV, with no single dominat-
ing mechanism [24]. It may be a mixture of Pomeron,
pi0, η and other meson exchanges. Out of these, only the
diffractive Pomeron amplitude is nearly purely imaginary
as it is the “shadow” from the total γp cross section with
many particles produced, at least at high energies where
the Pomeron exchange dominates. At 2 GeV, however,
the φ photoproduction is still far from its asymptotics at
high energies [24] and hence the Pomeron exchange can-
not dominate. Therefore, we expect that the amplitude
Aφ is nearly real, too. We, thus, expect the relative phase
δ ≈ 0 in the energy range of interest. Non-zero values of
δ are, however, not excluded until measured directly.
Putting for simplicity δ = 0 in eq. (4) we see that the
φ−Θ interference term is proportional to
σinterf ∼ ∆φ∆Θ + ΓφΓΘ
(∆2φ + Γ
2
φ)(∆
2
Θ + Γ
2
Θ)
. (5)
We note that the interference term falls off as 1/∆φ∆Θ
at large distances from the resonances positions and it
is maximal when m12 ≈ mφ and m23 ≈ mΘ, i.e. near
the intersection of the two resonance strips on the Dalitz
plot of Fig. 2. The r.h.s. of eq. (5) is positive when both
∆φ and ∆Θ have the same sign, i.e. when the invariant
masses m12 and m23 are both above or both below the
centers of the resonances. It means seeing more events in
the upper right and lower left corners of the intersection
of two resonance strips. When ∆φ and ∆Θ have opposite
4signs, the interference term may become negative, mean-
ing seeing less events in the upper left and lower right
corners. This “checker board” pattern of events is illus-
trated in Fig. 3a where eq. (5) is plotted in the (∆φ,∆Θ)
axes measured in units of the corresponding widths. Al-
though we gave an argument that in this case δ ≈ 0 we
also plot in Fig. 3 the excess/deficiency of the number
of events from the interference term in eq. (4) for other
values of the relative phase δ = pi2 , −pi2 and pi.
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FIG. 3: The excess/deficiency of events on the (m12,m23)
Dalitz plot around the centers of both resonances, at various
values of the relative phase δ = 0, pi
2
,−pi
2
, pi. These are contour
plots with the excess events shown darker and the deficiency
of events shown lighter.
The difference in the event pattern is so strong that
one would be probably able to say from the first glance
on the Dalitz plot what is the relative phase.
III. TAILORING OUT THE Θ+ RESONANCE
The cross section of the γp → KLKSp reaction (4)
can be divided into terms even and odd with respect to
∆φ, meaning terms even and odd with respect to the
reflection about the m12 = mφ axis (the vertical strip
in Fig. 2). More interesting information on Θ+ contains
in the odd part. To extract it, we integrate all events
in some range of m12 from the center of the φ resonance
mφ up to somemφ+µφ and subtract all events integrated
symmetrically below the resonance center, from mφ−µφ
to mφ. The smaller limit µφ theoretically the cleaner,
however one has to make a compromise with the statis-
tics. Probably, integrating over the resonance within a
few units of its width is optimal. On the one hand, most
of the events in the φ resonance range will be collected
and on the other hand, the integration strip will be still
narrow enough to neglect the dependence of other, non-
resonance factors on m12.
As the result of this subtraction of events, most terms
in eq. (4) cancel out, most notably the background which
is a smooth function at m12 ≈ mφ, and the large square
of the φ production amplitude (the first term in eq. (4)).
We obtain:∫ mφ+µφ
mφ
dm12 σ(m12,m23)
!−
∫ mφ
mφ−µφ
dm12 σ(m12,m23)
=
1
2
ln
[
1 +
(
2µφ
Γφ
)2]
(6)
×|C|2
√
Γφ
(
2R
√
ΓΘ
∆Θ cos δ+ΓΘ sin δ
∆2Θ + Γ
2
Θ
+ ρ cos η
)
.
(we have retained a non-zero δ for generality).
Eq. (6) exhibits a Θ+ resonance term originating from
the interference, and a non-resonant background. Anal-
ysis based on eq. (6) has a clear advantage over a res-
onance search based on standard technique. First, the
signal is linear (and not quadratic) in the small produc-
tion amplitude R, second, most of the parasitic back-
ground is canceled by the symmetric subtraction proce-
dure. Third, the only background left is due to the co-
herent non-resonant production which is not expected to
be large in this case. Fourth, the resonance has a definite
oscillating signature. As we shall see in the next section,
it is not likely that this signature is blurred out by the
finite experimental errors.
IV. SMEARING WITH THE EXPERIMENTAL
RESOLUTION
The above equations have been written for an ideal-
ized case, assuming the experimental resolution is per-
fect. Actually, it never is. Assuming eq. (4) is written for
the ‘true’ values of the variables mtrue12 , m
true
23 one has to
smear it with the probability distribution that the mea-
sured mobs12 , m
obs
23 deviate from the true ones. We shall
assume that the errors in measuring the invariant masses
mobs12 and m
obs
23 are statistically independent and that the
error probability distribution is given by the product of
two Gaussian functions with equal widths σ:
exp
(
− (mobs12 −mtrue12 )22σ2
)
√
2piσ2
·
exp
(
− (mobs23 −mtrue23 )22σ2
)
√
2piσ2
. (7)
To be concrete, we take the mean square error in measur-
ing m12, m23 to be σ = 5MeV. If a more realistic error
distribution function is known it should be used instead
of eq. (7).
To get the observable cross section as function of mobs12
and mobs23 , one has to integrate the theoretical eq. (4) un-
derstood as function of mtrue12 and m
true
23 , over these vari-
ables with the error weight (7). In eq. (4) there are two
5kind of functions encountered: one is symmetric with re-
spect to the resonance center, the other is antisymmetric.
We introduce their smeared counterparts:
Γ
∆2 + Γ2
→
∫
dmtrue
exp
(
− (mobs−mtrue)22σ2
)
√
2piσ2
(8)
× Γ
4(mtrue−mres)2+Γ2 := G(m
obs−mres,Γ, σ),
∆
∆2 + Γ2
→
∫
dmtrue
exp
(
− (mobs−mtrue)22σ2
)
√
2piσ2
(9)
× 2(m
true−mres)
4(mtrue−mres)2+Γ2 := D(m
obs−mres,Γ, σ).
The smeared functions G and D are even (odd) in mobs−
mres, respectively. If the resonance is much more narrow
than the experimental resolution (Γ≪ σ – this is the case
of the Θ+ resonance) the two functions are analytically
computable:
G(∆m,Γ, σ)
Γ≪σ
=
pi
2
√
2piσ2
exp
(
− (∆m)
2
2σ2
)
, (10)
D(∆m,Γ, σ)
Γ≪σ
=
pi
2
√
2piσ2
exp
(
− (∆m)
2
2σ2
)
(11)
·sign(∆m) Erfi
(
∆m√
2σ2
)
where Erfi is the error function of imaginary argument,
Erfi(z) = −iErf(iz) = −i 2√
pi
∫ iz
0
dt e−t
2
.
The two functions G(∆m) and D(∆m) are plotted in
Fig. 4.
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FIG. 4: The resonance functions smeared with a Gaussian
error distribution, σ = 5MeV: the symmetric function G
(left) and the antisymmetric function D (right). The red
curve corresponds to smearing the Θ+ resonance assuming
ΓΘ = 0.5MeV, the blue curve shows the smearing of φ,
Γφ = 4.26MeV, and the light blue curve shows the smearing
of the Λ(1520) resonance, ΓΛ = 15.6MeV. Solid curves are
the asymptotic G,D functions (Γ→ 0). The distance to the
resonance ∆m is plotted along the horizontal axis, in MeV.
Note that smearing of the Θ+ resonance is well described by
the asymptotic functions (10,11).
It is now easy to write down the cross section resulting
from smearing eq. (4) with the experimental resolution.
One has simply to replace the corresponding factors in
eq. (4) by
Γφ
∆2φ + Γ
2
φ
→ G(m12 −mφ,Γφ, σ),
∆φ
∆2φ + Γ
2
φ
→ D(m12 −mφ,Γφ, σ),
ΓΘ
∆2Θ + Γ
2
Θ
→ G(m23 −mΘ,ΓΘ, σ),
∆Θ
∆2Θ + Γ
2
Θ
→ D(m23 −mΘ,ΓΘ, σ).
All four functions are plotted in Fig. 4. The same re-
placement should be done in the φ−Θ interference term,
eq. (5), which becomes, after smearing,
σinterf ∼ D(m12−mφ,Γφ, σ)D(m23−mΘ,ΓΘ, σ)
+ G(m12−mφ,Γφ, σ)G(m23−mΘ,ΓΘ, σ).(12)
Its contour plot is shown in Fig. 5. Comparing it with the
plot in Fig. 3, left, we observe that the ‘checker-board’
pattern of the interference is preserved by the finite ex-
perimental resolution. [It should be reminded however,
that the simple result (12) has been obtained assuming
that the errors in measuring the invariant (KLKS) and
(KSp) masses are statistically independent. Whether it
is indeed a fair approximation needs a special study.]
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FIG. 5: Contour plot for the excess/deficiency of events
smeared with the experimental resolution of 5 MeV, which
is due to the φ−Θ interference, eq. (12). The excess is shown
darker and the deficiency shown lighter. m12−mφ is plotted
along the horizontal axis, and m23−mΘ is plotted along the
vertical axis, both in MeV. The relative phase δ is assumed
to be zero.
We can now virtually apply the Θ+ identifying proce-
dure described in Section III. Namely, we integrate all
events with m12 from the center of the φ resonance mφ
up to some mφ+µφ, and subtract events integrated from
mφ − µφ to mφ. This procedure nullifies all terms that
are symmetric with respect to the center of the φ and
stresses terms that are antisymmetric, in particular the
6interference term:
∫ mφ+µφ
mφ
dm12 σ(m12,m23)
!−
∫ mφ
mφ−µφ
dm12 σ(m12,m23)
= const.
{
2R
√
ΓΘ [D(m23 −mΘ,ΓΘ, σ) cos δ (13)
+ G(m23 −mΘ,ΓΘ, σ) sin δ] + ρ cos η} .
Apart from a smooth background term ρ cos η, eq. (13)
exhibits a characteristic behavior associated with the Θ+.
If the relative phase δ ≈ 0 (as we think it is) only the
D-function antisymmetric with respect to the Θ+ reso-
nance center survives in eq. (13); its plot is presented in
Fig. 4, right, and is in fact very close to the asymptotic
eq. (11). Fitting the difference in the integrated cross
section about the φ resonance by eq. (13) it is possible
to find the position of the Θ+ resonance: it is where the
function D(m23 −mΘ) changes sign.
Determining the value of the width ΓΘ is more diffi-
cult, especially if the relative phase δ ≈ 0. Nevertheless,
the shape of the D(m23 −mΘ) curve depends implicitly
on the width even if ΓΘ is less than the experimental
resolution σ, as seen from the comparison of the curves
for Γ = 0.5MeV and 4MeV in Fig. 4, right. Depending
on the quality of the data, one would be probably able
to establish from data fitting that ΓΘ is less than a few
MeV which would be anyway a record achievement.
V. TRIPLE INTERFERENCE
The reaction γp → KSKLp at Eγ ∼ 2GeV is unique
in that all three pairs of the final particles resonate, and
those resonances can interfere when the final states over-
lap. Resonance interference can occur when any two of
the invariant masses m12 ≡ m(KLKS), m13 ≡ m(KLp),
m23 ≡ m(KSp), are close to the resonance masses mφ,
mΘ, mΘ, respectively, see Fig. 6. In fact the distribution
in the m13 invariant mass has been also studied in the
same experiment [7] where only an upper limit for the
Θ+ production has been established.
Everything said above about the φ−Θ interference in
the m12−m23 Dalitz plot can be immediately translated
into the φ−Θ interference in the m12−m13 axes. One
can apply the event-subtraction method described in the
previous section: it results in the same eq. (13), with m23
replaced by m13. This seems to be a rather cheap way
of approximately doubling the statistics used to analyze
eq. (13).
Another possibility is to look, at Eγ ≥ 1.85GeV, for
the interference of the Θ+ decay into KSp vs its decay
into KLp. Introducing the shifts of the invariant masses
from the resonance center, ∆Θ = 2(m23 − mΘ), ∆′Θ =
2(m13 − mΘ), one writes the coherent Θ+ production
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FIG. 6: Phase volumes (Dalitz plots) for the γp → KLKSp
reaction at photon lab energies Eγ = 1.80, 2.05 and 1.87GeV.
The KLKS invariant mass squared m
2
12 is plotted along the
horizontal axis, and the KSp invariant mass squared m
2
23 is
plotted along the vertical axis. The strips show the φ(KLKS),
Θ(KSp) and Θ(KLp) resonances. Resonance interference oc-
curs at the intersection of the strips; at Eγ = 1.87GeV all
three resonances interfere (bottom).
cross section at small ∆Θ,∆
′
Θ as
σΘΘ ∼ ΓΘ
[ |AΘ|2
∆2Θ + Γ
2
Θ
+
|A′Θ|2
∆′ 2Θ + Γ
2
Θ
(14)
− 2 |AΘ||A
′
Θ|(∆Θ∆′Θ + Γ2Θ)
(∆2Θ + Γ
2
Θ)(∆
′ 2
Θ + Γ
2
Θ)
]
where the first two terms stand for the incoherent Θ+
production observed through the KSp and KLp chan-
nels, respectively, and the third term is their interfer-
ence. AΘ, A
′
Θ are the production amplitudes which are,
generally, functions of the invariants but can be replaced
by constants when m(KSp),m(KLp) ≈ mΘ. In the ideal
geometry case |AΘ| = |A′Θ|, however the experimental
acceptance may violate this symmetry.
In this case interference is not amplified by the large
φ production amplitude and all terms are quadratic in
the Θ+ production amplitude. After smearing with the
experimental resolution (Section IV) the effect of in-
terference becomes insignificant. Nevertheless, it might
be helpful to make a Dalitz plot of the events in the
m13−m23 axes: at the intersection of the m(KSp) ≈
mΘ, m(KLp) ≈ mΘ strips there can be more events asso-
ciated with the Θ+ production than one can discriminate
in the separate KSp and KLp mass spectra.
Finally, the most non-trivial triple interference hap-
pens at Eγ ≈ 1.87GeV where all three resonance strips
cross at one point, see Fig. 6, bottom. Keeping only
7the presumably largest terms linear in the Θ+ produc-
tion amplitudes, one generalizes the second line term in
eq. (4) to include interference between the φ meson and
the two Θ’s, one decaying into KSp and the other into
KLp:
σφΘΘ = 2|C|2
√
ΓφΓΘ
∆2φ + Γ
2
φ
(15)
·
[(
R
∆φ∆Θ + ΓφΓΘ
∆2Θ + Γ
2
Θ
+R′
∆φ∆
′
Θ + ΓφΓΘ
∆′ 2Θ + Γ
2
Θ
)
cos δ
+
(
R
∆φΓΘ − Γφ∆Θ
∆2Θ + Γ
2
Θ
+R′
∆φΓΘ − Γφ∆′Θ
∆′ 2Θ + Γ
2
Θ
)
sin δ
]
.
The three pairs’ invariant masses are constrained by
m212+m
2
13+m
2
23 = s+2m
2
K0+m
2
p; hence the three small
deviations from the resonance centers are constrained by
∆ΘmΘ +∆
′
ΘmΘ +∆φmφ = ∆γmp (16)
where ∆γ is the (doubled) deviation of the photon lab
energy from 1.87GeV where all three resonance strips
cross at one point in the Dalitz plot:
∆γ := 2(Eγ − E(3)γ ), (17)
E(3)γ :=
2m2Θ +m
2
φ − 2m2K0 −m2p
2mp
≈ 1.87GeV.
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FIG. 7: Triple φ−Θ(KSp)−Θ(KLp) interference pattern
from eq. (15), plotted in the m13=m(KLp) (horizontal) and
m23=m(KSp) (vertical) axes, in MeV. The axes’ zeroes cor-
respond to m13 = m23 = mΘ. The left panel shows the excess
(darker) and deficiency (lighter) of events integrated over the
range of Eγ from 1.82 to 1.87 GeV, smeared with the experi-
mental resolution of 5 MeV. The right panel shows the events
integrated over the range of Eγ from 1.87 to 1.92 GeV. The
relative phase δ of the φ and Θ+ production amplitudes is
assumed to be zero.
Note that, although the Θ amplitude is antisymmetric
under the interchange of KS ↔ KL, so is the φ ampli-
tude, therefore the interference cross section is symmet-
ric, hence the relative plus sign in the R,R′ terms. In the
ideal acceptance case the ratios of the production ampli-
tudes are equal, R = R′. In reality, however, these ratios
may appear to be non-equal owing to different ways one
registers KS,KL.
Eq. (15) predicts a rich structure of event density
in the Dalitz plot near the triple interference point at
Eγ ≈ 1.87GeV, which, however, needs to be smeared by
the experimental resolution. We assume that errors in
measuring the invariant massesm13 and m23 are statisti-
cally independent and are given by the Gaussian distribu-
tions with dispersion σ which we take equal 5 MeV. The
interference pattern survives smearing: it is presented in
Fig. 7 which demonstrates a striking asymmetry between
event patterns above the energy Eγ = 1.87GeV, and be-
low it.
Another way to stress the interference phenomenon
(and also to reduce considerably the background) is to
integrate events in the upper right corner of Fig. 7 and
subtract events in the lower left corner, as function of the
incident photon energy. The resulting excess/deficiency
as function of Eγ is shown in Fig. 8.
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FIG. 8: Triple φ−Θ(KSp)−Θ(KLp) interference: number of
events with m13,m23 < mΘ subtracted from the number of
events with m13,m23 > mΘ, as function of the photon lab
energy Eγ , in MeV.
Using eq. (15) one can extract other peculiar character-
istics of the unique triple interference in the γp→ KLKSp
reaction.
VI. Θ+ INTERFERENCE WITH Λ(1520)
Interference can be probably observed also in the
γp → K+Λ(1520) → K+(K¯0n) reaction at photon lab
energies Eγ between 1.81 and 2.17 GeV where the fi-
nal state can interfere with the same final state from the
γp→ K¯0Θ+ → K¯0(K+n) reaction, see the phase volume
plots in Fig. 9.
This reaction has been studied in the same experi-
ment [7], also with a null result for the Θ+ search. There
were many final states found identified with the K¯0n de-
cay of the Λ(1520) resonance, however they were cut out
from the analysis [7]. We suggest that precisely these
events should be analyzed with respect to the possible
interference with the Θ+ production. The procedure
to isolate the interference term is exactly as described
above for the case of the φ meson, the only difference
being that Λ(1520) has the width larger than that of φ,
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FIG. 9: Phase volumes (Dalitz plots) for the γp → K¯0K+n
reaction at photon lab energies Eγ = 1.81, 2.17 and 1.95GeV.
The K¯0n invariant mass m12 is plotted along the horizontal
axis, and the K+n invariant mass m23 is plotted along the
vertical axis (note the linear scale). The strips show the posi-
tions of the Λ(1520) and Θ+ resonances (mΘ = 1537MeV is
assumed). The Θ−Λ interference occurs at the intersection of
the strips, thus within the range of Eγ from 1.81 to 2.17GeV.
ΓΛ = 15.6MeV, therefore the interference picture may
be less pronounced. However, ΓΛ is still much less than
the typical hadron masses determining the scale of vari-
ation of the production amplitudes, therefore one may
hope that the equations of the previous Sections apply
to this case as well. In particular, subtracting events
slightly below the Λ resonance from those slightly above,
should result in the same eq. (13) exhibiting an oscillat-
ing behavior in the (K+n) invariant mass (but with a
different background contribution denoted in eq. (13) as
ρ cos η). The excess/deficiency of events due to the Θ−Λ
interference is shown in Fig. 10 which is similar to Fig. 5.
VII. CONCLUSIONS
Lately, strong signals of the exotic Θ+ baryon have
been observed in the direct formation experiment by the
DIANA collaboration [13] and in a quasi-formation ex-
periment by the LEPS collaboration [12]. The results
from numerous production experiments are still contro-
versial, the main reason being the small couplings of Θ+
with ordinary hadrons. The origin of those small cou-
plings are theoretically well understood (see a recent brief
review in Ref. [11]), however they preclude an easy obser-
vation of the Θ+ in most of the production experiments.
To override the smallness of the Θ+ production cross
sections, a new way of Θ+ searching is suggested, based
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FIG. 10: Contour plot for the excess/deficiency of events
smeared with the experimental resolution of 5 MeV, which
is due to the Λ(1520)−Θ interference, eq. (12). The excess is
shown darker and the deficiency shown lighter. m(K¯0n)−mΛ
is plotted along the horizontal axis, and m(K+n)−mΘ is plot-
ted along the vertical axis, both in MeV. The relative phase
δ of the two production amplitudes is assumed to be zero.
on the interference between the small Θ+ production am-
plitude and the large production amplitude of a known
resonance yielding the same final state. Owing to the nar-
rowness of the resonances, a model-independent coherent
sum of the two resonance amplitudes can be applied giv-
ing an unambiguous interference term. The interference
may be substantial in the kinematical range where the
invariant masses of the resonances’ decay products are
close to the resonances’ centers. The pattern of events
due to interference allows to determine the relative phase
of the two resonance amplitudes.
We have suggested a procedure for the analysis of the
interference, based on the subtraction of events above and
below one of the resonances, to purify the signature of
the other one and to get rid of a large, if not dominant,
part of the background. Smearing by a finite experimen-
tal resolution is not likely to blur out the characteristic
oscillating nature of the resulting event pattern. With
sufficient statistics, the mass of the Θ+ resonance can
be accurately established and a tight upper limit for its
width determined.
The method is directly applicable to the γp→ K¯0K0p
and K¯0K+n reactions at relatively low energies, studied
in a recent CLAS experiment. In the first case one
should look for the Θ−φ and in the second case for
the Θ − Λ(1520) interference. In the first reaction
also a unique triple interference can be examined at a
particular photon energy Eγ ≈ 1.87GeV.
The suggested method of studying Θ+ production
through interference is applicable to other experiments,
wherever the Θ+ can kinematically interfere with a
known resonance whose production rate is large.
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